ABSTRACT: A divergent selection experiment for serum IGF-I concentration was established in 1989 at the Eastern Agricultural Research Station located in Belle Valley, Ohio. One hundred spring-calving (50 high line and 50 low line) and 100 fall-calving (50 high line and 50 low line) cows with unknown IGF-I concentrations were randomly assigned to the 2 divergent selection lines. Results of this study included 2,507 calves from the 1989 through 2005 calf crops. (Co)variance components were estimated for direct and maternal additive genetic effects using an animal model and multiple-trait, derivative-free, REML (MTDFREML) computer programs. Estimated breeding values were also obtained and regressed on years to estimate direct and correlated responses to divergent selection for serum IGF-I concentration. Estimates of direct heritability for growth traits from a single trait model were moderate and ranged from 0.33 ± 0.06 for birth weight to 0.42 ± 0.06 for preweaning BW gain. Heritability estimates for direct effects were 0.44 ± 0.07, 0.43 ± 0.07, 0.35 ± 0.06, and 0.48 ± 0.07 for IGF-I concentration at d 28, 42, and 56 of the 140-d postweaning period, and for mean IGF-I concentration, respectively. Maternal heritability and the proportion of phenotypic variance due to permanent environment effect of dam were ≤0.25 for growth traits and IGF-I concentrations. Cattle in the high line had significantly (P < 0.001) greater direct effects of mean IGF-I concentration than those in low line (high line: 66.92 ± 4.40 ng/mL vs. low line: −40.82 ± 5.18 ng/mL) in 2005. Direct responses per year for mean IGF were 5.18 ng/mL in the high line and −3.76 ng/mL in the low line. The regression of direct effects of preweaning BW gain on year were not significantly different from zero in either the high or low line. However, genetic trends were negative and significant for birth weight and postweaning BW gain in the high line and were positive and significant in the low line. Results demonstrated that divergent selection for serum IGF-I concentration in beef cattle will change the genetic potential for IGF-I concentration and that selection for lesser IGF-I concentration will result in increased birth weights and postweaning BW gains.
INTRODUCTION
Use of biological indicators of genetic merit (e.g., concentrations of metabolites, hormones, or enzymes) may enhance rates of genetic change in livestock by means of reduced generation intervals, increased selection differentials, increased accuracy of selection, or a combination of all 3 (Kiddy, 1979; Woolliams and Smith, 1988; Blair et al., 1990) . Serum IGF-I concentration is a potentially useful biological indicator trait in cattle in that it is secreted in a nonpulsatile manner and is genetically and phenotypically associated with BW and growth rate (e.g., Simmen, 1997, 2006; Herd et al., 2002; Johnston et al., 2001 Johnston et al., , 2002 Moore et al., 2005) , as well as feed efficiency and residual feed intake Arthur et al., 2004; Moore et al., 2005) .
After a potential physiological indicator trait is identified, it is necessary to place that trait under selection to determine whether selection results in desirable changes in economically important traits . The mouse selection experiments of Blair et al. (1988 Blair et al. ( , 1989 , Siddiqui et al. (1990) , and Baker et al. (1991) indicated that selection for increased serum IGF-I concentration would result in increased BW and BW gains, and selection for decreased IGF-I would result in reduced BW and BW gains. Therefore, the objectives of the current study were to estimate direct and correlated responses to divergent selection for serum IGF-I concentration in a herd of Angus beef cattle.
MATERIALS AND METHODS
Procedures involving the use of animals were approved by the Institutional Animal Care and Use Committee of The Ohio State University.
Selection Procedures
Divergent selection for blood serum IGF-I concentration was initiated in 1989 using 100 spring-calving (50 high line and 50 low line) and in 1990 using 100 fallcalving (50 high line and 50 low line) purebred Angus cows with unknown IGF-I concentrations at the Eastern Agricultural Research Station (EARS) owned by The Ohio State University and located near Belle Valley, Ohio. Each year, the 4 bull calves with the greatest and the 4 with the least residuals (adjusted for age of calf and age of dam) for serum IGF-I concentrations were saved for breeding in the respective selection lines. Selection was based on the average of 3 serum IGF-I concentrations measured at d 28, 42, and 56 of the 140-d postweaning test (IGF28, IGF42, and IGF56, respectively). Selected bulls were used for breeding as yearlings and then sold.
Within both the spring-and fall-calving herds, approximately 8 cows were culled from each line each year (based on physical unsoundness, reproductive failure, and oldest age) and replaced with approximately 8 pregnant heifers with the greatest or least residuals (adjusted for age of calf and age of dam) for serum IGF-I concentrations. All available heifers were bred and selection was performed among those that conceived. Selection of heifers was based on the mean IGF-I concentration of 3 blood samples collected on d 28, 42, and 56 of the postweaning test (Davis et al., 1995) . Bulls and heifers were of approximately the same age at time of blood sampling.
Mating Scheme
Within both the spring-and fall-calving herds, selected heifers within the high IGF-I line were stratified such that 1 of the 4 heifers with the greatest IGF-I concentration, 1 of the 4 heifers with the next greatest concentration, and so on, were assigned to each bull. The same mating procedure was followed in the low line using males and females with the least IGF-I concentrations. This mating scheme was intended to increase the probability of producing at least 1 replacement bull and 2 replacement heifers from each sire each year. Cows 2 yr old and older were randomly assigned to bulls for mating. Half-sib and closer matings were avoided for heifers and cows to minimize inbreeding.
From the 1989 through 2001 mating seasons, cows and heifers were bred via natural service in single-sire breeding pastures. Length of the breeding season was 60 d. Beginning with the spring and fall 2002 breeding seasons, cows and heifers were bred by AI using semen collected from the yearling bulls in the IGF-I selection lines. Bulls were required to pass a breeding soundness exam before their use in natural service or AI. It is important to note that all matings, whether by natural service or by AI, were performed within season (i.e., there were no matings of spring-born animals with fallborn animals).
Management Procedures
High-and low-line spring-born calves were reared by their dams in a single pasture without creep feed until weaning at approximately 7 mo of age. During an adjustment period of approximately 3 wk and a 140-d postweaning test period, the high-and low-line bull calves were housed in separate pens within the same 3-sided barn at EARS and were fed ad libitum with a corn-and soybean-meal-based concentrate diet. From 1989 through 1993, high-and low-line heifer calves were transferred to the North Appalachian Experimental Watershed (NAEW), Coshocton, Ohio, and were housed together in a single pen where they were fed corn silage during the adjustment period and 140-d postweaning test. From 1994 onward, high-and low-line heifers were maintained in separate pens in a 3-sided barn (a different barn than was used to house the bull calves) at EARS during the postweaning period and were fed a corn-soybean meal concentrate diet formulated to yield BW gains of approximately 0.75 kg/d. High-and lowline calves were fed in separate pens (except from 1989 through 1993 for the heifers) to allow measurement of pen feed consumption for the 2 selection lines.
High-and low-line fall-born calves were reared by their dams in a single pasture without creep feed until weaning at approximately 140 d of age. After weaning, fall-born calves were fed a growing diet that was designed to yield BW gains of approximately 0.9 kg/d during a 112-d growing period in drylot. After the 112-d growing period, bulls were kept at EARS (highline bulls in 1 pen and low-line bulls in an adjacent pen of a 3-sided barn) and fed in the same manner as spring-born bulls during a 140-d test period. From 1989 through 1993, after the 112-d growing period, heifers were transferred to NAEW and fed corn silage during a 140-d test period (high-and low-line heifers all in the same pen). In subsequent years of the study, heifers remained at EARS after the 112-d growing period and were fed in the same fashion as the spring-born heifers during the 140-d postweaning test (high-and low-line heifers in adjacent pens of a 3-sided barn). As was the case for spring-born calves, high-and low-line calves born in the fall were fed in separate pens (except from 1989 through 1993 for the heifers) to allow measurement of pen feed consumption for the 2 selection lines.
Blood samples for IGF-I determination were collected during the 140-d postweaning test, and not during the growing period, for the fall-born bull and heifer calves. Therefore, the spring-and fall-born calves were approximately the same age at the time of blood sampling.
Cows remained on pasture throughout the year and were provided supplemental hay as needed to maintain body condition during the winter months. High-and low-line females were managed as a single herd in the same pasture except during the breeding season.
Serum Samples and RIA for IGF-I
Approximately 25 mL of blood was collected into sterile glass tubes via jugular venipuncture of each animal. The blood was allowed to clot for 24 h at 4°C. Serum was obtained by centrifugation (1,800 × g for 20 min at room temperature) and frozen at −20°C until it was assayed.
The RIA for IGF-I was performed at the University of Florida using antiserum raised against human IGF-I in rabbits (UBK487), following previously described procedures (Bishop et al., 1989) .
Statistical Analyses
Data were analyzed using multiple-trait, derivativefree, REML (MTDFREML) computer programs (Boldman et al., 1995) . The pedigree file of 3,243 animals consisted of the animals existing in the herd at the start of the experiment, plus their 3 generation pedigrees, as well as all animals subsequently produced in the selection experiment, and was used to derive the relationship matrix. Each trait was analyzed separately to obtain estimates of direct heritability, maternal heritability, the proportion of phenotypic variance due to permanent environment effects of dam, and the correlation between direct genetic and maternal genetic effects. A total of 632 dams were included in the analysis. Number of progeny per dam ranged from 1 to 9 and averaged 3.97 (SD = 2.18).
Traits analyzed included IGF28, IGF42, IGF56, mean IGF-I, birth weight, preweaning BW gain, and postweaning BW gain. The number of records available for analysis varied from 2,051 to 2,507 (Table 1) , depending on the trait. Numbers of observations were 2,122, 2,051, 2,125, and 2,182 for IGF-I concentration at d 28, 42, and 56 of the postweaning period and for mean IGF-I concentration, respectively. Fewer observations were available for IGF42 because blood samples were not taken at d 42 for calves born in 1989, the first year of the study. In addition, serum samples for heifers born in spring 1990 were lost due to a freezer malfunction, which necessitated resampling the heifers at d 84, 98, and 112 of the postweaning test. The d 84, 98, and 112 IGF-I concentrations were used to calculate the mean IGF-I concentration of the spring 1990 heifers. Therefore, 2,182 observations were available for mean IGF-I concentration, but fewer observations were available for IGF-I concentration on d 28, 42, and 56. On rare occasions, test tubes were broken during centrifugation, which also contributed to differing numbers of observations for IGF28, IGF42, and IGF56 and for mean IGF-I concentration.
The statistical model for this analysis included fixed effects of birth year of calf (1989 to 2005), season of birth (spring vs. fall), sex of calf (bull vs. heifer), and age of dam (2, 3, 4, 5, and >5 yr). Weaning age was included as a linear covariate for preweaning BW gain, whereas on-test age was included as a linear covariate for postweaning BW gain and IGF-I concentration.
Three models (full animal model and 2 reduced models) were compared for each trait. All of the traits were first analyzed using a full animal model that included fixed effects, plus random animal, maternal genetic, and maternal permanent environment effects. The analysis was repeated using 2 reduced models. The permanent environment effect of the dam was deleted in the first reduced model. In the second reduced model, the permanent environment and maternal genetic effects of the dam were both deleted. The reduced models were compared with the full model using likelihood ratio tests. The most appropriate model was identified as the full model or reduced model with a likelihood not significantly different from that for the full model. Solutions for each trait were derived from the most appropriate model.
In all analyses, convergence was considered to have been reached when the variance of -2 log-likelihood of the simplex search algorithm was less than 10 −9 . After initial convergence, restarts were performed until −2 times the log-likelihoods used in the simplex search algorithm did not change to the second decimal place from one restart to the next.
Determination of Genetic Trends
The MTDFREML computer programs (Boldman et al., 1995) were also used to estimate direct and maternal breeding values for each trait. Genetic trends were estimated by regressing estimated direct and maternal breeding values on years separately by selection line for serum IGF-I concentration and growth traits using the PROC GLM procedure (SAS Inst. Inc., Cary, NC).
The generation coefficient of each calf born in the selection experiment was determined using the method of Brinks et al. (1961) , where the generation coefficient of the calf was equal to the average of the generation coefficients of the sire and dam plus 1. Foundation animals (i.e., animals in the pedigree of the animals existing in the herd at the start of the experiment) were assigned a generation coefficient of zero. The number of generations of selection was found by subtracting 1 from the average generation coefficient of the progeny.
RESULTS AND DISCUSSION

Descriptive Statistics and Genetic Parameters from Single Trait Analyses
Means, SD, CV, minimum values, and maximum values for growth traits and serum IGF-I concentrations are shown in Table 1 . The large ranges, SD, and CV for IGF-I indicate the wide variation present for this trait among the cattle in the IGF-I selection experiment. Other authors (e.g., Johnston et al., 2001 Johnston et al., , 2002 Moore et al., 2005; Bunter et al., 2010) have also observed large variation in concentrations of circulating IGF-I.
Presented in Tables 2 and 3 , respectively, are fullmodel and reduced-model estimates of direct (h d 2 ) and maternal (h m 2 ) heritability, the proportion of phenotypic variance due to permanent environment effect of the dam (c 2 ), and the correlation between direct and maternal genetic effects (r am ) for growth traits and IGF-I concentrations. Based on likelihood ratio tests, the full model was used for preweaning BW gain and a reduced model that did not include c 2 was used for the remaining traits. Both serum IGF-I concentration and growth traits were moderately heritable. Direct heritability estimates for IGF-I concentration at d 28, 42, and 56 of the postweaning test and for mean IGF-I concentration were 0.44 ± 0.07, 0.43 ± 0.07, 0.35 ± 0.06, and 0.48 ± 0.07, respectively, when using both the full and reduced models. The heritability estimates for IGF-I concentration generally agree with those reported by Davis and Simmen (1997) , Davis and Simmen (2000) , Davis et al. (2003) , Yilmaz et al. (2004) , and Davis and Simmen (2006) using data from earlier years of the same selection experiment. Davis and Simmen (2006) used data collected in the IGF-I selection experiment from 1989 through 2000. There were a total of 1,761 records for mean IGF-I in their study. The current study included data collected from 1989 through 2005 and involved 2,182 records for mean IGF-I. Our results also agree with those of Johnston et al. (2001) , who reported that the heritability (0.32) is moderate for plasma IGF-I concentration in beef cattle, and with those of Moore et al. (2005) , who also found a moderate heritability estimate (0.35) for IGF-I concentration in Angus cattle. Estimates of direct heritability for birth weight, preweaning BW gain, and postweaning BW gain were 0.33 ± 0.06, 0.42 ± 0.06, and 0.40 ± 0.07, respectively, based on both the full and reduced models.
Estimates of maternal heritability were 0.15 ± 0.04, 0.15 ± 0.04, 0.08 ± 0.04, and 0.17 ± 0.04 for IGF-I concentration at d 28, 42, and 56 of the postweaning test and for mean IGF-I concentration, respectively, based on the reduced model. These estimates agreed well with those reported by Davis and Simmen (2006) . The proportion of phenotypic variance due to permanent environment effects of dams was zero for IGF28, IGF42, IGF56, and mean IGF. The proportion of phenotypic variance due to permanent environment effects of dams was also near zero for all measures of IGF-I in the study of Davis and Simmen (2006) . The estimate of c 2 was near zero for birth weight, but was 0.25 ± 0.04 for preweaning BW gain.
The correlation between direct and maternal genetic effects was −0.91 ± 0.05, −0.88 ± 0.06, −0.87 ± 0.08, and −0.90 ± 0.05 for IGF-I concentration at d 28, 42, and 56 of the postweaning period and for mean IGF-I concentration, respectively, based on the reduced model. These values agree well with previous estimates from the same selection experiment (e.g., Davis and Simmen, 2006) . The correlation between direct and maternal genetic effects was −0.29 ± 0.14 for birth weight, −0.76 ± 0.12 for preweaning BW gain, and −0.98 ± 0.31 for postweaning BW gain. Therefore, our results agree with those of Robinson (1996a) , who reported that estimates of direct-maternal genetic correlations were large and negative for Australian Angus cattle. Robinson (1996b) commented that estimates of genetic correlations between additive direct and maternal effects in beef cattle vary widely and most estimates tend to be negative in Australian, American, and Argentine cattle. Negative correlations between direct and maternal genetic effects may be due not only to genetic antagonisms, but also to negative environmental damoffspring covariances, or sire × year variation that is unaccounted for (Robinson, 1994) .
Genetic Trends Direct Responses in IGF-I Concentration.
Trends in estimated direct breeding values for IGF-I concentrations across years are shown in Table 4 and in Figures 1, 2, 3 , and 4. Each data point on the graphs represents the average EBV for all calves born in a particular year and line for a given trait. Direct responses per year for IGF28, IGF42, IGF56, and mean IGF were 5.17, 5.51, 4.58, and 5.18 ng/mL in the high line, respectively, and −4.13, −3.73, −3.45, and −3.76 ng/mL in the low line, respectively. The slopes of the regression lines for IGF-I concentration at d 28, 42, and 56, and for mean IGF-I concentration were significantly different from zero (P < 0.001) in both the high and low lines. The coefficient of determination ranged from 0.80 to 0.84 in the high line and from 0.66 to 0.73 in the low line. The response to selection appeared to be somewhat greater in the high line than in the low line. However, because of the lack of a control line, it was not possible to test for symmetry of response. Baker et al. (1991) did not detect significant asymmetry of response between high and low selection lines of mice when the selection criterion was plasma IGF-I concentration at 12 wk of age. The realized heritability estimate reported by these authors for IGF-I concentration was 0.10 ± 0.01. In a separate mouse selection experiment, Blair et al. (1989) also obtained a low realized heritability estimate (0.15 ± 0.12) for IGF-I concentration. A divergent selection experiment involving Romney sheep, using plasma IGF-I concentration 4 wk after weaning as the selection criterion, was initiated in 1986 (Morel et al., 1991) . Based on the selection differential generated by initial screening of rams and the average divergence between the high and low lines, realized heritability estimates of 0.22 and 0.27 were obtained for IGF-I concentration in 1988 and 1989, respectively. When data for the spring-and fall-calving replicates were combined, the high vs. low line differences for mean IGF-I concentration were highly significant based on least squares means from 1995 onward, with the exception of 2002 (Table 5 ). In 1994 the postweaning diet and location of feeding of the heifers was changed. Perhaps this change contributed to the greater divergence between the selection lines that was observed in 1995 and thereafter. Calves in the high line also had highly significantly greater least squares means for direct effects of mean IGF-I concentration than those in low line (high line: 66.92 ± 4.40 ng/mL vs. low line: −40.82 ± 5.18 ng/mL) in 2005, the final year of the selection experiment. The average generation coefficient for calves born in the final year of the study (2005) was 5.48. Therefore, 4.48 generations of selection had occurred (generation coefficient -1). Mean plasma IGF-I concentration was 146 ± 4 vs. 113 ± 4 ng/mL for the high vs. low lines after 5 generations of selection, and 85 ± 2 vs. 58 ± 2 ng/mL (P < 0.05) for these lines after 7 generations of selection in the mouse experiment of Blair et al. (1988 Blair et al. ( , 1989 . The response, measured as the divergence between the high and low IGF-I lines and averaged over 2 replicates, was 4.22 ng/mL per generation in the mouse selection experiment carried out by Baker et al. (1991) . Thus, selection was successful in changing circulating IGF-I concentrations in the earlier mouse selection experiments, as well as in the current selection experiment involving beef cattle.
The relationship between direct and maternal genetic effects was large and negative for IGF-I concentration (Tables 2 and 3) . Therefore, estimated maternal breeding values for IGF-I concentration decreased in the high line and increased in the low line across years (Table  6 and Figures 5, 6 , 7, and 8). Changes per year for estimated maternal genetic effects for IGF28, IGF42, IGF56, and mean IGF-I were −2.36, −2.43, −1.56, and −2.22 ng/mL, respectively, in the high line, and 1.86, 1.53, 1.16, and 1.64 ng/mL, respectively, in the low line. Mean maternal genetic effects for mean IGF-I were −29.52 ± 2.38 ng/mL in the high line vs. 16.57 ± 2.80 ng/mL in the low line in 2005, the final year of the study. Summing the means for the direct and maternal breeding values in 2005 yields a combined value of 37.40 ng/mL for the high line and −24.25 ng/mL for the low line. Thus, even though the direct breeding value for IGF-I concentration increased in the high line and decreased in the low line, whereas the maternal breeding value decreased in the high line and increased in the low line, the combined effect showed increased IGF-I concentration in the high line and decreased IGF-I concentration in the low line.
Correlated Responses for Growth Traits. Correlated responses in BW and BW gains that resulted from selection for serum IGF-I concentration are shown in Table 4 and in Figures 9, 10 , and 11. Correlated responses per year for estimated direct effects of birth weight, preweaning BW gain, and postweaning BW gain were −0.05, 0.16, and −0.46 kg, respectively, in the high line, and 0.09, −0.07, and 0.22 kg, respectively, in the low line. The genetic trends for birth weight and postweaning BW gain were significantly different from zero in both the high and low selection lines, whereas Mean IGF-I concentration is the average of IGF28, IGF42, and IGF56 for a given calf. the genetic trends for preweaning BW gain were not significantly different from zero. Therefore, selection for increased serum IGF-I concentration in the high line resulted in correlated reductions in estimated direct breeding values for birth weight and postweaning BW gain, whereas selection for reduced IGF-I concentration in the low line resulted in correlated increases in estimated direct breeding values for these traits. These trends agreed with expectations based on results from the same selection experiment published by Davis and Simmen (1997) , which indicated negative genetic correlations of IGF-I with weaning and postweaning BW and with postweaning BW gain (correlations ranged from −0.21 to −0.54, and averaged −0.38). Blair et al. (1989) found a positive correlated response in 42-d BW due to divergent selection for plasma IGF-I concentration in mice (e.g., after 5 generations of selection, the high minus low line difference = 3.9 g, or 25%). Using data from the same study, Siddiqui et al. (1990) found that divergent selection for IGF-I concentration was associated with differences between the lines of mice in body growth, particularly during the period of accelerated growth at puberty, but did not influence body composition at equivalent BW. The mice in the high line were heavier than those in the low line from 28 until 105 d of age. Baker et al. (1991) reported that the genetic correlation between IGF-I and 12-wk weight was 0.58 ± 0.01, with a phenotypic correlation of 0.38 in mice.
Based on the mouse selection experiments of Blair et al. (1988 Blair et al. ( , 1989 , Siddiqui et al. (1990), and Baker et al. (1991) , we expected that selection for increased serum IGF-I concentration would result in increased BW and BW gains and selection for decreased IGF-I would result in reduced BW and BW gains when our selection experiment was initiated in 1989. However, the opposite trends were observed, which is not surprising, given literature estimates of the relationship between circulating IGF-I and growth rate of cattle that have been published by us and others since 1989. Herd et al. (1995) observed no differences in circulating concentrations of IGF-I measured within 4 d of birth among growth rate selection lines (i.e., low growth, high growth, and control lines) of Angus calves. Johnston et al. (2001) found low genetic correlations (0.11 ± 0.14 and −0.25 ± 0.20, respectively) of plasma IGF-I concentration measured at approximately 9 mo of age in temperate breeds (Angus, Hereford, Shorthorn, and Murray Grey) with postweaning BW and finishing ADG. Johnston et al. (2002) observed genetic correlations of −0.25 ± 0.25 and 0.03 ± 0.14 between IGF-I concentrations and midtest BW in groups of cattle fed at 2 different locations in Australia. Johnston et al. (2002) In a line of pigs in which the sole selection criterion was improved feed efficiency through reduced residual feed intake, Bunter et al. (2010) observed a correlated decrease in juvenile IGF-I concentration measured after weaning. Genetic correlations between IGF-I and lifetime or test period growth did not differ significantly from zero (0.06 ± 0.14 and −0.19 ± 0.14, respectively). Blair et al. (1988) suggested that the limited correlated response in BW of mice in their experiment may have been because selection was based on serum IGF-I concentration, which primarily reflects hepatic production. There may have been greater divergence in tissue IGF-I concentration, which could more directly affect the growth process. Such may also have been the case in the current selection experiment involving cattle.
Elimination of circulating IGF-I by deletion of the IGF-I gene in mice results in severe growth retardation (Sjogren et al., 1999) . Virtually no GH-induced growth was observed in IGF-I −/− mice, a finding that supports the view that IGF-I directly mediates the effects of GH (Wang et al., 1999) . On the other hand, when the Cre/loxP recombination system was used to delete the IGF-I gene in the livers of mice (Sjogren et al., 1999; Yakar et al., 1999) , a 75% reduction in IGF-I concentration, but little effect on postnatal body growth, was observed. Therefore, the authors concluded that IGF-I primarily influences body growth in an autocrine/paracrine, rather than in an endocrine, manner. Correlated responses in estimated maternal genetic effects of birth weight, preweaning BW gain, and postweaning BW gain were 0.02, −0.08, and 0.11 kg/yr, respectively, in the high line and −0.01, 0.01, and −0.05 kg/yr, respectively, in the low line (Table 6 and Figures  12, 13, and 14) . The slopes of the regression lines were significantly different from zero for estimated maternal genetic effects of birth weight in the high line and for postweaning BW gain in both the high and low lines. The signs of the regression coefficients were in the opposite direction for the estimated maternal genetic effects as compared with those for the estimated direct genetic effects.
As expected, direct response was greater for IGF-I concentration than was correlated response in growth traits. Baker et al. (1991) reported that 12-wk BW of mice responded 3.5 times more rapidly to selection for BW than to selection for IGF-I. The IGF-I binding proteins play a functional role in controlling the biological activity of the bound IGF-I (Ooi and Herington, 1988) . Therefore, it is possible that changes in plasma IGF-I through genetic selection may be mediated by changes in binding proteins (Baker et al., 1991) . However, Pagan et al. (2003) did not detect significant line effects for any of the IGF-I binding proteins in our IGF-I selection experiment.
Moderate heritabilities demonstrate that there are genetic determinants of serum IGF-I concentration. Significant direct response to divergent selection for serum IGF-I concentration has occurred in our selection lines. In addition, selection has resulted in significant reductions in direct effects for birth weight and postweaning BW gain in the high IGF-I selection line and significant increases in direct effects for these traits in the low line. Therefore, selection for serum IGF-I concentration in beef cattle is expected to change the genetic potential for IGF-I concentration with concomitant changes in birth weight and postweaning BW growth rate. 
